In this study, we isolated and tested restriction fragment length polymorphism (RFLP) markers for Aspergillus fumigatus based on PCR products amplified by the random amplified polymorphic DNA (RAPD) primer R108. Four DNA fragments, Afd, Af5, Af4, and Af4A, were amplified. Fragments Afd and Af5 were 85% and 88% identical at the DNA level to part of the Afut1 retrotransposon from A. fumigatus. Fragment Af4A is a duplication of fragment Af4 and both showed similarity at the amino acid level with endonucleases from other fungal retrotransposons. We used both RAPD with primer R108 and RFLP assays with Afut1, Afd, and Af4A, to determine the genetic relatedness of clinical isolates of A. fumigatus isolated sequentially from four patients colonized with A. fumigatus. The combination of these different methods suggested that the isolates infecting the four patients were not identical. ß
Introduction
Aspergillus fumigatus is an important cause of nosocomial infection in immunocompromised patients and has a high associated mortality rate [1, 2] . Recently, Debeaupuis et al. [3] suggested, based on high intraspecies genetic variability, that any environmental strain of A. fumigatus is a putative infectious strain that can cause invasive aspergillosis when it encounters an immunosuppressed host. Although A. fumigatus can be cultured from sequential sputum samples, it is not known whether colonization of the respiratory tract with A. fumigatus is due to one or several strains or whether frequent re-colonization takes place, especially after therapy. In recent years, to better address questions of strain purity and origin (exogenous or endogenous), several di¡erent molecular methods have been developed to type isolates of A. fumigatus, including restriction endonuclease analysis, isoenzyme analysis, moderately repetitive sequences [4^7], random ampli¢ca-tion of polymorphic DNA (RAPD) [8^13] , and restriction fragment length polymorphism analysis (RFLP) [1] .
In this study, we evaluated RFLP markers identi¢ed from PCR products ampli¢ed by the RAPD primer R108 [14] . These markers provide additional probes for A. fumigatus typing. We have used both R108-primed RAPD analysis and RFLP assays to determine the genetic relatedness of clinical isolates of A. fumigatus isolated sequentially from four patients colonized with A. fumigatus.
Materials and methods

Strain origin and DNA isolation
Seventeen clinical isolates of Aspergillus fumigatus were obtained from sputum expectorants or bronchial lavage of four di¡erent patients colonized with A. fumigatus ( Table  1) . The Clinical Microbiology Laboratory at Memorial Sloan-Kettering Cancer Center performed initial culturing and positive identi¢cation. Prior to DNA isolation, the isolates were maintained on YPD medium for 96 h at 37³C, and then subcultured onto YAG agar medium consisting of 1% (w/v) dextrose, 0.5% (w/v) yeast extract, and 2% (w/v) bacto-agar. Chromosomal DNA was isolated from the cell pellet using the Wizard Genomic DNA puri¢cation kit (Promega).
RAPD analysis and ampli¢cation conditions
PCR-based RAPD analysis was performed in a reaction mixture consisting of 50 mM KCl, 1.5 mM MgCl 2 , 10 mM Tris^HCl (pH 8.8), 50 WM (each) dATP, dCTP, dGTP, and dTTP (Boehringer), 1 Wg of primer, 0.5 U of Taq DNA polymerase (Perkin-Elmer), and 50 ng of template DNA. RAPD analysis was performed according to Mondon et al. [14] using primer R108 with nucleotide sequence 5P-GTATTGCCCT-3P.
DNA cloning and sequencing
The genomic DNA was ampli¢ed and resolved by electrophoresis as above described. The following primers were used for DNA ampli¢cation: Afd1 (5P-GTATTG-CCCTATAACTTCTT-3P), Afd2 (5P-GTATTGCCCTA-TTCCCAAAG-3P), Afs4 (5P-GTATTGCCCTAGCTTAC-TAA-3P), Afr4 (5P-GTATTGCCCTATTACTAAAG-3P), Afs5 (5P-GTATTGCCCTAAGGATTCTA-3P), and Afr5 (5P-GTATTGCCCTAGCTTGCTAA-3P). The ampli¢ca-tion consisted in 30 cycles of 20 s at 95³C, 30 s at 55³C, and 60 s at 72³C. The reaction mixture was held at 4³C until required. Bands of interest were collected, DNA was eluted and the ampli¢cation products were cloned using a TA cloning kit (Invitrogen). The insert DNA was fully sequenced using the BigDye1 Terminator Cycle Sequencing (PE Applied Biosystems).
RFLP ¢ngerprinting
RFLP analysis was performed as described previously [5] . The genetic similarity among the isolates was estimated by the method of Dice [15] . Brie£y, the calculation of the coe¤cient of Dice (CD) was performed by comparing the RAPD and RFLP pro¢les for each pair of samples evaluated. The CD is obtained through the formula CD = 2n ab /n a +n b , where n ab is the number of bands with the same molecular mass found in the two isolates, and n a or n b is the total number of bands in each one of the isolates. Between 15 and 20 bands ranging from 4 to 20 kb were obtained and used in the analysis.
Results
Cloning and characterization of the SSDP markers
In order to identify DNA fragments that could serve as potential RFLP markers, we ampli¢ed genomic fragments from A. fumigatus genomic DNA using the sequence-speci¢c DNA primers (SSDP) described by Mondon et al. [14] . These authors ampli¢ed RAPD fragments using primer R108, cloned the discriminating bands, and designed primers based on the sequence of the borders of these fragments that are the basis for SSDP typing analysis [16] . The ampli¢cation products detected by using the primers Afd1UAfd2, Afs4UAfr4, and Afs5UAfr5 were named in this work Afd (550-bp), Af4 (750-bp), and Af5 (350-bp), respectively. In addition to the 0.75-kb fragment described by Mondon et al. [14] , the primers Afs4UAfr4 also ampli¢ed in some strains a fragment of 1.3 kb, named Af4A. These fragments were cloned and fully sequenced.
The fragments Afd (AZ527392) and Af5 (AZ521911) were found to be 85% and 88% identical at the DNA level to the Afut1 retrotransposon from A. fumigatus (in the regions 1542^2007 and 4578^4920 of Afut1, respectively) (data not shown). The fragment Af4A (AZ521912) is a duplication of the fragment Af4 (Fig. 1A) and both Af4A and Af4 (AZ521910) showed similarity at the amino acid level with an endonuclease of Magnaporthe grisea retrotransposon (41% identity), with a reverse transcrip- (Fig. 1B) .
Use of the chromosomal bands as possible RFLP markers
The fragments Af4, Af5, Afd, and Af4A were tested for value as RFLP markers with clinical and environmental isolates of A. fumigatus. The RFLP marker Afut1 [5, 16] was used as a positive control. Genomic DNA from ¢ve di¡erent A. fumigatus strains was digested with restriction enzymes that do not cut inside the fragments (Afut1 = PstI; Af4, Af5, and Afd = EcoRI; and Af4A = PstI). Fig. 2 shows the RFLP pattern for each fragment. All the markers displayed some discriminating behavior, although the markers Afd and Af4A exhibited the best discriminatory power and were further used to determine genetic relatedness.
Application of the new RFLP markers
A single-step approach to molecular typing of A. fumigatus often leads to a high percentage of common strains. To better distinguish between similar strains, the genetic relatedness of clinical isolates of A. fumigatus was determined by a multiplex approach. RAPD analysis involving the independent probe R108, which discriminates between A. fumigatus isolates [11, 14] , was combined with classical RFLP type mapping utilizing a 1.1-kb hybridization probe recognizing a retrotransposon-like element from A. fumigatus, Afut1 [5, 16] and the markers Afd and Af4A. Clinical isolates from four patients colonized with A. fumigatus were chosen to examine potential strain di¡erences. The Afd and Af4A RFLP pro¢les of the 17 A. fumigatus isolates obtained from the four patients are shown in Fig. 3 . The RAPD and Afut1 RFLP pro¢les were also compared in these clinical isolates (data not shown).
Genetic relatedness was determined by using the CD (see Section 2). Brie£y, if the CD is equal to 1.0, all the bands are the same, and consequently the strains are identical; if the CD is between 0.90 and 0.99, most of the bands are similar, and consequently the compared strains are similar. However, if the CD is lower than 0.90, the two strains are di¡erent [15] . We used the CD for the 17 clinical isolates using three di¡erent RFLP markers (Afd, Af4A, and Afut1) and the RAPD marker R108. The combination of RAPD and the di¡erent RFLP markers demonstrated that the isolates infecting the four patients were not identical. It was observed that each of the four patients was infected with genetically distinct strains, which was expected for an environmental pathogen. When the RFLP markers for isolates 16 and 19 of patient I were compared, the two strains were identical. However, the RAPD marker showed these two strains are di¡erent. In general, RAPD pro¢ling was less discriminating than Afd and Af4A RFLP marker analysis, which limited its use as a stand-alone typing tool. Thus, probably isolates 16 and 19 are identical, representing a case of reinfection.
We also used the same typing criteria proposed by Rodriguez et al. [17] , i.e., A. fumigatus types were considered to be variants of the same cluster/strain if they di¡ered by one to three genetic loci; they were considered to be di¡er-ent clusters/strains if they di¡ered at least by four genetic loci. The results of this typing analysis were equivalent to those observed above by using the CD (data not shown).
Discussion
Based on a previous SSDP analysis proposed by Mondon et al. [14] , we isolated SSDP DNA fragments ampli¢ed by PCR, cloned and fully sequenced them. These frag- ments were further used as RFLP markers to distinguish A. fumigatus environmental and clinical isolates. The sequence of two of these fragments, Afd and Af5, showed high identity at the nucleotide level with A. fumigatus Afut1. The discriminating power of these two fragments when compared to the 1.1-kb Afut1 could be explained because they are located at di¡erent positions of the Afut1 retrotransposon (for details, see [16] ). The Af4 and Af4A fragments are similar to a retrotransposon from M. grisea. It remains to be determined if these fragments are part of another novel inactive retrotransposon from A. fumigatus, since there are several stop codons in the sequence. We used the Afd and Af4A DNA fragments as RFLP markers to determine the genetic relatedness of clinical isolates of A. fumigatus isolated sequentially from four patients. We used another RFLP marker, Afut1, and a RAPD marker, R108, in order to provide better discriminatory power. The combined typing methods demonstrated greater di¡erentiation of isolates than each molecular typing method taken separately or in pairs. Our results suggest that most of the recurring infections were due to reinfections most likely with an endogenously colonizing strain. Little is known about the pattern of colonization by A. fumigatus. Genotyping of A. fumigatus isolates from patients with invasive aspergillosis strongly suggests that patients are often colonized and infected by a unique strain [6, 18] . However, Verweij et al. [19] have documented that di¡erent patterns of colonization with A. fumigatus can exist in patients with cystic ¢brosis. Our study indicates that the patients were infected with genetically unrelated strains during the course of their illness.
